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Abstract: This paper deals with the study of the enhancement of the tribological properties of
AA2024 through the deposition of a titanium coating. In particular two different coatings were
studied: (1) untreated titanium coating; and (2) post-deposition laser-treated titanium coating.
Titanium grade 2 powders were deposited onto an aluminium alloy AA2024-T3 sheet through
the cold gas dynamic spray process. The selective laser post treatment was carried out by using
a 220 W diode laser to further enhance the wear properties of the coating. Tribo-tests were executed
to analyse the tribological behaviour of materials in contact with an alternative moving counterpart
under a controlled normal load. Four different samples were tested to assess the effectiveness of
the treatments: untreated aluminium sheets, titanium grade 2 sheets, as-sprayed titanium powders
and the laser-treated coating layer. The results obtained proved the effectiveness of the coating in
improving the tribological behaviour of the AA2024. In particular the laser-treated coating showed
the best results in terms of both the friction coefficient and mass lost. The laser treatment promotes
a change of the wear mechanism, switching from a severe adhesive wear, resulting in galling,
to an abrasive wear mechanism.
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1. Introduction

Aluminium alloys are widely used in many industrial fields (e.g., aerospace, automotive, naval,
buildings and so on) due to their low weight, ease of manufacturing and good mechanical and
electrochemical properties. On the other hand, for some applications (e.g., coupling with carbon
fibre-reinforced plastics, applications in high corrosive environments or applications in which
a superior wear resistance is required) enhanced superficial properties, in terms of both corrosion
resistance and wear resistance, are required. A solution that could overcome these issues is the
production of titanium coatings on aluminium components. In this way it is possible to couple the light
weight and relatively low-cost nature of aluminium with the high superficial properties of titanium.
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This solution is of particular interest in aeronautics, in which light weight is a primary requirement for
all the components.

Aluminium alloys mainly used in aeronautics, e.g., the alloys of 2xxx and 7xxx series,
are heat-treatable alloys and are age hardened. Thus, they require a deposition technique in which
the substrate remains at a low temperature during the whole process. Cold gas dynamic spray
(CGDS) is an innovative deposition technology matching these requirements. CGDS is an additive
manufacturing process used to create a coating layer by means of high velocity impacts of metallic
particles dispersed in supersonic gas flows. In this process, coating deposition occurs at relatively
low temperatures when compared to other spray technologies, allowing sprayed particles to preserve
their solid state. Appropriate flow conditions are enforced, combining a high pressure-heated gas
with a converging/diverging nozzle (De Laval nozzle). Metallic particles are propelled to supersonic
velocity (i.e., 500-1000 m/s), and the high kinetic energy causes the impingement of the particles
onto the substrate [1]. The macroscopic plastic deformation, induced by the high velocity impact,
was indicated by some researchers as the main bonding mechanism [2,3]. Two different scenarios have
been observed, depending on material pairing and particle velocity: (a) particles rebounding from
the substrate or (b) particles bonding to the substrate [4]. The velocity at which bonding is achieved
is referred to as the critical velocity and relies on the particle size and distribution as well as the
substrate material. The coatings exhibit high density and conductivity, good corrosion resistance and
high hardness, due to the cold worked microstructure [5]. Recent studies discussed the capabilities of
post-deposition laser treatments to compensate for some process drawbacks, reducing the porosity,
improving the superficial hardness and increasing the anti-corrosion and tribological properties of the
coating [6-8]. Several post-deposition treatments were successfully used to modify the microstructure
and to improve the properties of the cold-sprayed titanium layer. Marrocco et al. (2011) proved that
post-deposition laser treatment on titanium coating eliminates the residual micro-porosity and forms
a high quality corrosion barrier layer [3]. Other authors studied the laser treatments in order to improve
the superficial properties of both coatings and bulk materials [9-11]. The authors” previous work
showed the optimal process parameters of the laser treatment to obtain a compact titanium dioxide
layer on cold-sprayed titanium coating [12]. In literature, other authors investigated the deposition
of titanium coatings in order to improve the tribological properties [13,14], where different coating
techniques were taken into account.

This paper presents a study of the enhancement of the wear properties of an AA2024 rolled sheet
through the deposition of a cold-sprayed titanium coating.

Two different coatings were studied, (1) untreated coating; (2) post-deposition laser-treated
coating, in order to assess the influence of the laser treatment on the wear and tribological properties
of titanium cold spray coating. Current developments in Ti processing predict the accessibility of
lower-cost Ti and have revived interests in exploring the tribo-behaviour of Ti alloys as bearing
materials [15-18]. Titanium and its alloys exhibit low tribological properties but their wear resistance
can be improved by surface treatments promoting growth of the surface hardness, leading to changes
of the wear mechanism and a lowering of the wear rate [19]. Frictional contact of titanium alloys
both against other materials and titanium alloys themselves, especially under pure sliding conditions,
quickly damages the contact surface area and results in the transfer of some particles of the material to
the counter face [20,21]. Titanium and its alloys are characterised by a high and unstable friction factor
and strong adhesive wear degradation through an elevated propensity to seizure (localised damage
due to the diffusion welding between sliding surfaces [22]) and scuffing (damage characterised
by surface unevenness and asperities called hillocks [23]). A couple of papers dealing with the
tribological properties of cold-sprayed titanium coatings [24,25] are also available in the literature,
but, to date, the coupling between the cold-sprayed coating and laser treatment has not been studied
and understood.

Tribological characteristics of titanium alloys can be improved by different kinds of treatments.
Cassar et al. [26] proposed a triode plasma oxidation treatment on Ti-6Al-4V, finding a reduction in the
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wear rate under a range of different wear test regimes. Wang et al. [27] studied the time-dependant
effects of thermal oxidation in aqueous atmospheres performed on Ti-6Al-4V alloy which affect its
surface roughness and wear properties. The fretting tests performed revealed an improvement in
the fretting wear resistance after oxidation and an optimum time treatment equal to 4 h. Bell and
Dong (2000) [6] proved that the oxidation treatment of Ti6Al4V led to a significant improvement in
wear resistance, but there is no detailed analysis focusing on the application of the laser treatments
on cold-sprayed coatings. Friction and wear tests were performed on untreated aluminium sheets,
titanium grade 2 sheets, as-sprayed titanium powders and the laser-treated coating layer to compare
the wear properties of different materials and investigate the effectiveness of the treatments.

2. Experimental Section

Commercially pure grade 2 titanium particles with a mean size of approximately 40 um were
deposited onto 3-mm-thick AA2024-T3 plates. The chemical composition and the main properties
of both grade 2 titanium and AA2024 are available in literature [28,29] and not here reported in the
interest of brevity. A low pressure cold spray facility equipped with a round-shaped exit nozzle,
with a final diameter of 4.8 mm, was used for spraying. Helium, used as carrier gas, avoided the
oxidation of titanium particles during the deposition process. The particles were sprayed at a velocity
of 680 m/s with helium as carrier gas, the gas temperature and pressure were kept at 600 °C and at
12 bars. A superficial layer of cold sprayed titanium powder 5 mm thick was obtained. The successive
milling process allowed to obtain the surface finishing required for the following laser treatment
and tribo-tests. After the milling process, a 2.5-mm-thick titanium coating with a good superficial
finishing was obtained. Laser treatments were carried out using a diode laser (IPG DLR-200-AC,
IPG Photonics, Tokyo, Japan). The laser power is transferred via an optical fibre to the laser head and
focused/defocused on the plate surface by means of a focusing lens (corresponding to a spot diameter
of about 2 mm). Previous work [12] gave necessary information about optimal process parameters to
obtain a fully dense and compact titanium oxidised layer on cold-sprayed coating surface: scan speed
and power of laser beam were 50 mm/min and 200 W.

Friction and wear tests were performed with a ball-on-flat testing apparatus on a TR-BIO 282
Reciprocatory Friction Monitor (Ducom Instruments, Bangalore, India), following a consolidate
protocol [30,31]. The tribopair was made up by a titanium ball and a flat specimen of the analysed
materials, aluminium alloy, titanium grade 2, titanium as-sprayed coating and laser treated layer.
The Ti6Al4V ball had a diameter of 3 mm, the specimens were realised with dimensions of
25 x 25 x 5 mm3. The reciprocating movement was imposed to the sphere by a stepper motor.
The frictional force was monitored by a load cell, and the evolution of the coefficient of friction,
during the test, was recorded. A gravimetric analysis was accomplished to evaluate the wear, expressed
as mass loss. Before each test, the sample and the ball were cleaned with ethanol and compressed air,
subsequently weighted on a precision scale (accuracy of 0.01 mg). These tests were made in partial
compliance with the prescriptions of Test Method ASTM G133, Procedure A. The normal force was
12.0 N, instead of 25.0 N, and the test time was 20 min, instead of 16 min and 40 s as prescribed by
the norm. All other advices of Test Method G133 were followed: the stroke length and the frequency
oscillation were respectively 10 mm and 5 Hz (alternative motion). Considering the smaller radius of
the ball—1.5 mm instead of the 4.7 mm radius recommended—a lower load was applied, the resulting
pressure (Hertzian contact stress) was around 1.4 GPa, which is a suitable stress for such tribocouples.
A longer test was required to look for a stable value of the friction coefficient, this choice brought a total
sliding distance of 120 m instead of 100 m. Every test was realised at room temperature, in laboratory
air at controlled levels of relative humidity. A topographic surface acquisition was carried out with
a 3D non-contact optical profilometer, PLit neox (Sensofar, Terrassa, Spain), which operates either
as a confocal microscope or as a white light interferometer. The worn surfaces, previously cleaned
from debris, were scanned using a confocal lens with magnification of 5x. The scans provided 3D and
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contour images, which gave qualitative information on the wear process and quantitative information,
such as the maximum wear depth.

Microscopical analysis were also performed, employing Scanning Electron Microscopy (Hitachi
TM 3000, Tokyo, Japan), to observe macroscopic features (depth and width) of the laser treated
zone as well as to investigate microstructural aspects. Kroll’s reagent (2 mL HF, 6 mL HNOj3; and
H,O up to 100 mL) was adopted to unveil microstructure, grain boundaries and phase distribution.
Finally, Vickers microhardness tests were conducted on the laser treated specimen to characterise the
mechanical properties of material.

3. Results and Discussion

Micrographies of a laser treated specimen (Figure 1) show a dense titanium oxide layer produced
on the surface of the titanium coating. In the centre of the treated sample the oxide penetrates the
coating up to about 30% of its thickness. Below the oxide layer, the heat produced by the laser source
caused the formation a heat-affected zone, characterised by a microstructure with a coarser grain
than the material base. In the discussion, the following terms will be used to identify the different
metallurgical zones:

(1) Oxidised zone: the region of the cold-sprayed layer that was oxidised by the laser treatment;

(2) Heat-affected zone: similarly to what happens in laser beam welding, this is the region of the
cold-sprayed layer that was affected by the heat generated during the treatment;

(3) Base material: the region of the cold-sprayed layer that was not affected by the laser treatment;

(4) Substrate: the aluminium plate used as a substrate for the deposition process.
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Figure 1. Cross-section of laser treated specimen (magnification 60x).

Figure 2 shows the different microstructures produced by the laser treatment within the
cold-sprayed layer. Three different zones are visible in the sections of the treated specimen: the oxidised
zone (Figure 2a), in which the typical microstructure of the titanium oxide is exhibited, the heat-affected
zone (Figure 2b), which is characterised by lamellae of coarser dimensions than the as-sprayed
titanium due to the heat input occurring during the laser process, and the base material (Figure 2c),
characterised by lamellae of coarser dimensions. EDS analyses confirmed the existence of a rutile (TiO,
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titanium dioxide) layer. Line scan EDS analysis (Figure 3), performed in the center of the cross-section
following the pattern labelled “line scan” represented in Figure 1, revealed the concentration of
titanium and oxygen from the top of the surface to the interface between the coating and substrate.
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Figure 2. Different microstructures observed in the cold-sprayed coating after the laser treatment:
(a) titanium oxidised zone; (b) heat-affected zone; (c) base material.
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Figure 3. Titanium and oxygen intensity along the scan line indicated in Figure 1.
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The relative concentration of two elements (Ti, O), in the topmost layer of the cross-section, is
approximately equal to the stoichiometric one for the titanium dioxide; moving to the interface with
the aluminium substrate, the oxygen percentage decreases to characteristic values of titanium grade 2.
It should be noted that the XRD analysis of the treated surface, presented by the authors in a previous
paper [32], confirmed the formation of a rutile layer as well as a thick oxygen diffused zone underlying
the oxidised zone. This result will be useful in the further discussion of the results.

The micro-hardness values of treated materials on the coating surface were about 1000 HV, much
greater than the values of cold-sprayed titanium (about 200 HV) reported in the literature [33] (Figure 4).
The tests were performed following the same pattern of the EDS analysis.
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Figure 4. Microhardness measurements taken through the plate cross-section.

Microhardness measurements strongly indicated the formation of a very hard surface layer.
This observation is in agreement with the results of the tribological test (Figure 2), which showed the
major mass loss occurred in the titanium ball rather than in the laser-treated titanium. In addition,
microhardness tests on the substrate indicated a microhardness close to 150 HV (the pre-deposition
microhardness of the AA 2024 T3 alloy) which suggests that the aluminium substrate was mechanically
unaffected by the deposition process. Thus, it can be conjectured that both the deposition process and
the laser treatment do not affect the temper state of the aluminium substrate, which is an extremely
important result of this work.

The main aim of the tribo-tests was to evaluate the wear resistance of the materials. Tribological
tests have highlighted that the laser treatment can significantly improve the friction and wear
properties of titanium. Figure 5 compares the development of the friction coefficient (CoF) of the
laser-treated coating with the cold-sprayed coating, as well as samples of the as-received titanium and
aluminium alloy.
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Figure 5. Evolution of friction coefficients for the processed plates with time.

The evolution of the friction coefficient is unsteady and its variation derives from two elements:
the trend and the fluctuations around the mean value. The trend is due to several phenomena
such as the reciprocal adjustment of surface asperities leading to an alteration of the real contact
area, the inclusion of (micro) wear debris [34]—third body wear—and the variability of the contact
temperature; the fluctuation around the mean is typical of the reciprocating test where the relative
velocity is variable. The aluminium plate vs. titanium ball tribopair couple (the latter, hereinafter,
omitted for simplicity) indicates a slightly increasing trend only after 14 min of testing, where p
is near 0.60. For the titanium plate u was in the range of 0.50-0.60 for the duration of the test,
ending with a constant trend. This result is consistent with the values proposed by Miller and
Budinski [35,36], who, in their investigations on the tribological properties of titanium and its alloys,
analysed several tribo-pairings and wear mechanisms. In the case of the titanium cold spray coating,
after 14 min, fluctuations were still noticeable due to the surface unevenness (a characteristic of the
as-sprayed coating) and the friction coefficient, u, varied in the range of 0.75-0.85, with an increasing
trend. This trend is consistent with the results of Khun et al. [25]. They observed a higher friction
coefficient of Ti cold spray coating compared to the Ti bulk material, with a very irregular profile
and large fluctuations. The measured value CoF, after an initial peak, reached a steady-state value
of approximately 0.78. Finally, the development of the laser-treated coating presented a rising trend,
reaching—with small fluctuations—the value of 0.62. The overall rising trend in the final phase of the
tests is supported by the results of Wang et al. from their tribological analysis on rutile coating [27],
where the formation of debris is held accountable for this phenomenon. From our analysis a similar
behaviour emerged from the different tribocouples in the last six minutes of the test, excluding the
titanium coating for which higher p values were found. In Figure 6, the results from the gravimetric
analysis are presented. Both the values of the specimen wear and the sphere wear are shown and
summed up. Concerning the aluminium case, the wear of the ball was almost zero, whereas the flat
sample lost a considerable quantity of mass. Laser-treated coating returned the highest wear of the
ball with respect to the different tribopairs. On the other hand, this specimen lost very little mass.
The overall wear of the tribopair for the laser-treated coating case is comparable to the one relative
to the titanium plate; in the latter case, however, the main loss was detected on the specimen side.
The oxidation of titanium indicated significant improvements in its tribological properties. The TiO,
showed a smoother friction coefficient profile with less fluctuations and reached a lower value of p
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compared to the titanium plate, which is characterised by an unstable CoF with evident fluctuations.
The same behaviour was observed for the cold spray coating. The improvements are also highlighted
by the limited wear rate of the oxidised coating (see Figure 6), which is much lower than the as-sprayed
titanium and titanium bulk material. Krishna et al. [37] confirmed this behaviour. They proposed
that the improvement in wear resistance is due to the high hardness of the oxide layer and its strong
adhesion with the underlying material. Dalili et al. [38] confirmed the role played by the enhanced
surface hardness, resulting from the formation of a harder oxide layer and a thick oxygen diffusion
zone, in improving the wear resistance of titanium which resulted in a lower friction coefficient and
negligible weight loss. They proposed that the oxide layer prevents extensive plastic deformation of the
titanium, thus changing the nature of the contact area from metallic/metallic pair to ceramic/metallic
tribo-pair [39,40]. This improvement of the wear properties of the titanium layer is fundamentally
linked to the presence and contribution of rutile. In this regard, in his papers [41] on the tribological
properties of titanium, Sun proved that the improvement of the tribological properties of the titanium
after the thermal oxidation treatment can be attributed to the formation of a rutile layer and also
highlighted the correlation between the tribological properties and the characteristics of the rutile [42].
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Figure 6. Wear comparison in term of mass loss for the four processing methods.

The tribotest instrument recorded the evolution of the frictional force during the sliding of the
sphere along the test, and the force was recorded with an acquisition frequency equal to 100 times the
oscillating frequency.

In Figure 7, the typical evolution of the frictional force during sliding is represented for each
specimen type. The fitted points represent that two cycles took every 10,000 points, assumed to
be exemplificative of the total evolution during the test. The X-axis plots the acquisition points,
corresponding to the time progress, in a logarithmic scale. In Figure 7a the aluminium case is shown,
and the cycles are quite irregular; this unpredicted behaviour, in the first analysis, can be attributed
to an inhomogeneous specimen density in the proximity of the centre line of the stroke. In Figure 7b,
the force evolution cycles for the titanium plate are shown. Again, the force has an irregular gait,
but exhibits the typical hysteresis shape typical of this evolution. It has two peaks along the two central
axes, where the ball diverts its motion and, consequently, the friction switches from the kinetic to the
static phase. The loop cycles of the last two instances, namely the titanium coating (Figure 7c) and the
laser-treated coating (Figure 7d), are outlined by a smooth hysteresis. These cycles exhibit a regular
and flat shape during the sliding of the ball, i.e., the kinetic phase. The values of the energy ratio
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evaluated all along the test confirmed that the gross slip regime (wear-dominated regime) is always
greater than 0.2, i.e., from a minimum of 0.3 to the maximum 0.9.
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Figure 7. Loop cycles of the frictional force for: (a) aluminium; (b) titanium plate; (c) titanium coating;
(d) laser-treated coating cases.

In Figure 8, the images obtained from the topography acquisitions are displayed. The wear track
on the aluminium plate (Figure 8a) displays an uneven shape: it is non-symmetrical in respect to
the Y-axis (perpendicular to the sliding direction). This observation is congruent with the friction
loop cycles, which also exhibited irregular profiles. The wear track is deeper in proximity to the
right central test-axis where the frictional force was the highest: the maximum wear depth along this
midline profile is equal to 470 um—the deepest recorded among the specimens. The titanium plate
also exhibits an irregular shape (Figure 8b), with the deepest wear in the proximity of the two central
axes of the ball—120 pm for the left and 130 um for the right. It is also noticeable, as red points on the
contour image, that there is an area of strong plastic deformation along the border of the wear track.
In Figure 8c, the worn track of the titanium coating is displayed, and the profile is regular and smooth,
presenting a maximum wear of 251 pm. This confirmed the poor resistance of cold spray coating
against the counter-sphere, which results in a higher weight loss of the coating itself compared to
both the titanium plate and oxidised layer (see Figure 6). Figure 8d shows the topography images on
the laser-treated coating worn surface. As expected, the topography did not provide an unequivocal
estimation of the wear depth, due to the irregular profile produced by the laser operation. As a result,
the surface has an indented profile and the worn area is only distinguishable due to the presence of
a large boundary incision.
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Figure 8. Wear tracks: contours and midline profiles: (a) aluminium plate; (b) titanium plate;
(c) as-sprayed titanium coating; (d) laser-treated titanium coating.

4. Conclusions

The above presented and discussed results are summarised as follows. Both coatings under
investigation, the treated one and the untreated one, showed better wear performances relative to the
untreated AA2024 alloy. In particular the laser-treated coating showed the best wear resistance,
better than the bulk titanium. These enhanced properties can be attributed to the presence of
a superficial hard oxidised layer produced by the laser treatment. The presence of this oxide layer
was confirmed by the EDX analysis in which an increase in the oxygen content within the treated area
was observed. Three different metallurgical zones, with different microstructures, were visible in the
areas of the treated tracks: the base material, the heat-affected zone and the treated zone. On the other
hand, the temper state of the aluminium substrate was not affected by the process. The laser treatment
influenced both the friction coefficient and the wear mechanism of the coating. The untreated coating
showed an adhesive wear with a noticeable mass loss from the coating itself and a negligible wear of
the ball. Abrasive wear mechanisms were observed testing the treated coating, with a negligible wear
of the coating but a severe wear and mass lost on the sphere.
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